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ABSTRACT
RNA interference (RNAi) by small interfering RNAs (siRNAs) is a promising therapeutic 
approach. Because siRNA has limited intracellular access and is rapidly cleared in vivo, the 
success of RNAi depends on efficient delivery technologies. Particularly, polyion complexation 
between block catiomers and siRNA is a versatile approach for constructing effective carriers, 
such as unit polyion complexes (uPIC), core-shell polyion complex (PIC) micelles and vesicular 
siRNAsomes, by engineering the structure of block catiomers. In this regard, the flexibility of 
block catiomers could be an important parameter in the formation of PIC nanostructures with 
siRNA, though its effect remains unknown. Here, we studied the influence of block catiomer 
flexibility on the assembly of PIC structures with siRNA using a complementary polymeric 
system, i.e. poly(ethylene glycol)-poly(L-lysine) (PEG-PLL) and PEG-poly(glycidylbutylamine) 
(PEG-PGBA), which has a relatively more flexible polycation segment than PEG-PLL. Mixing PEG- 
PGBA with siRNA at molar ratios of primary amines in polymer to phosphates in the siRNA (N/P 
ratios) higher than 1.5 promoted the multimolecular association of uPICs, whereas PEG-PLL 
formed uPIC at all N/P ratios higher than 1. Moreover, uPICs from PEG-PGBA were more stable 
against counter polyanion exchange than uPICs from PEG-PLL, probably due to a favorable 
complexation process, as suggested by computational studies of siRNA/block catiomer bind-
ing. In in vitro experiments, PEG-PGBA uPICs promoted effective intracellular delivery of siRNA 
and efficient gene knockdown. Our results indicate the significance of polycation flexibility on 
assembling PIC structures with siRNA, and its potential for developing innovative delivery 
systems.
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1. Introduction

RNA interference (RNAi) is a promising biological 
process with potential for developing therapies with 
unprecedented efficacy [1,2]. Small interfering RNAs 

(siRNAs), i.e. short double-stranded RNA molecules, 
can exert RNAi by entering the cytoplasm of cells and 
degrading messenger RNA (mRNA) in a sequence- 
specific way after being loaded in the RNA-induced 
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silencing complex (RISC) [3,4]. However, as siRNA is 
a negatively charged macromolecule, its access into 
the cytosol is limited [5]. Moreover, siRNA is rapidly 
degraded and cleared in vivo [5,6]. Thus, siRNA needs 
to be chemically modified and/or encapsulated into 
nanocarriers for effective RNAi [7,8]. In this regard, 
polyion complex (PIC) formation between siRNA and 
catiomers, i.e. block copolymers having a neutral block 
and a positively charged segment, has been applied for 
self-assembling a variety of nanocarriers with auspi-
cious characteristics, including effective siRNA load-
ing, controlled size and nanostructure, improved 
intracellular delivery, and enhanced pharmacokinetics 
and tissue distribution [9–11]. Engineering the struc-
ture of the catiomers allows controlling the features of 
the PIC-based nanocarriers in a straightforward man-
ner for promoting delivery efficiency.

The structural control of the block catiomers is 
decisive for modulating their complexation with 
siRNA and the secondary association of siRNA- 
catiomer complexes into multimolecular assemblies 
[12–18]. Thus, the control of the size of the neutral 
segment and the length of the polycation block have 
been effectively exploited for assembling different PIC 
nanostructures [13,15]. For example, poly(ethylene 
glycol)-poly(L-lysine) (PEG-PLL) block copolymers 
having relatively large PEG segments for steric hin-
drance and PLL blocks with charges coordinating that 
of siRNA lead to the assembly of primary PICs, so- 
called unit PIC (uPIC), loading a single siRNA mole-
cule and avoiding multimolecular association [15,16]. 
Decreasing the size of the PEG segment in the block 
catiomers allowed the association of uPICs into PIC 
vesicles (siRNAsomes), with siRNA and the cationic 
segments forming the vesicular membrane [13]. 
Moreover, adding attractive forces to the cationic 
block, such as conjugating hydrophobic moieties or 
cross-linking units, has been applied for constructing 
siRNA-loaded PIC micelles by promoting secondary 
assemblies of uPICs [12,14,17]. Notably, the structure 
of the RNA molecule also affects the multimolecular 
association of PICs. In particular, the relatively rigid 
structure of siRNA allowed selective formation of 

uPICs after mixing with PEG-PLL, while the relatively 
more flexible single stranded RNA (ssRNA) formed 
PIC micelles by compensating the restrained confor-
mational freedom in uPICs through a segregated PIC 
core in multimolecular micelles [18]. Based on these 
observations, it is reasonable to hypothesize that the 
polycation flexibility may also be a contributing factor 
in the formation of PICs with siRNA.

Herein, we aimed to gain insight on the effect of 
the flexibility of the cationic segment of the block 
catiomers on the complexation with siRNA. Thus, to 
discriminate the contribution of the flexibility of the 
polycation, we used two corresponding block copoly-
mers bearing polycation segments with different flex-
ibility and PEG, as follows: PEG-PLL with the 
relatively rigid amide backbone, and PEG-poly(glyci-
dyl butylamine) (PEG-PGBA) having a polyether 
backbone, which presents ether bonds with low rota-
tional barrier [19,20]. The block catiomer systems 
have similar PEG length and weight fraction, and 
equivalent polycation length, i.e. 40 units (Figure 1). 
Moreover, the pendant primary amines serving as the 
cationic moieties have the same distance to the block 
backbone, i.e. a (CH2)4 spacer. In addition, we have 
previously found that PEG-PLL and PEG-PGBA have 
comparable degree of hydration as determined by 
differential scanning calorimetry (DSC) [21]. Besides, 
since the ionic strength and temperature affect the 
formation of polyion complexes [22], in our study, 
we have fixed these parameters for relating the differ-
ences in complexation to the polymers. The PICs 
resulting from mixing siRNA and PEG-PLL, or PEG- 
PGBA, were compared by analyzing the polymer 
complexation, the size and morphology of the PIC, 
and the PICs stability. Moreover, molecular dynamics 
(MD) simulations were applied to gain understanding 
on the siRNA-polycation interactions. In addition, the 
gene knockdown ability was evaluated in cancer cells 
to determine the in vitro delivery efficiency. Our 
results indicate that the flexibility of the cationic 
block could be an important parameter affecting PIC 
stability and the ensuing delivery efficiency, opening 
new opportunities for enhanced siRNA delivery.

Figure 1. Structure of block catiomers bearing polycation segments with different flexibility. Poly(ethylene glycol)-poly(L-lysine) 
(PEG-PLL) presents the relatively rigid amide backbone, and poly(ethylene glycol)-poly(glycidyl butylamine) (PEG-PGBA) has 
a polyether backbone, which presents C-O-C bonds with low rotational barrier. These polymers have matching PEG segments and 
comparable polycation length.
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2. Materials and methods

2.1. Materials

ε-Trifluoroacetyl-L-lysine N-carboxyanhydride (Lys- 
(TFA)-NCA) was purchased from Chuo Kaseihin Co. 
Inc. (Tokyo, Japan). α-Methoxy-ϵ-amino poly(ethylene 
glycol) (MeO-PEG-NH2) (Mw = 12 kDa) was pur-
chased from NOF CORPORATION (Tokyo, Japan). 
N,N-Dimethylformamide (DMF) (purity > 99.5%), 
thiourea (purity > 99.0%), hydroxylamine-O-sulfonic 
acid (HOSA) (purity > 90.0%) and fluorescamine were 
purchased from Tokyo Chemical Industry Co., Ltd. 
(Tokyo, Japan). Triisobutylaluminum (iBu3Al; 1.0 M 
in toluene solution), ethanol (purity > 99.8%), super 
dehydrated toluene (purity > 99.5%), heparin sodium 
and super dehydrated tetrahydrofuran (THF) (purity > 
99.5%) were purchased from Fujifilm Wako Pure 
Chemical, Co., Inc., (Tokyo, Japan). α-Methoxy-ϵ- 
hydroxy poly(ethylene glycol) (MeO-PEG-OH) was 
purchased from Creative PEGWorks (Chapel Hill, 
North Carolina, USA). 4-(2-Hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES) (1.0 M), 1,2-epoxy- 
5-henene (purity > 97.0%) and borane tetrahydrofuran 
complex solution 1.0 M in THF were purchased from 
Sigma-Aldrich (St. Louis, Missouri, USA). RNA, 5ʹ- 
FITC-labeled RNA, and 5ʹ-Cy5-labeled RNA were 
purchased from Hokkaido System Science Co., Ltd. 
(Hokkaido, Japan). The sequence of siRNA used is to 
target firefly GL3 luciferase with sense: 5′-CUU ACG 
CUG AGU ACU UCG AdTdT-3′ and anti-sense: 5′- 
UCG AAG UAC UCA GCG UAA GdTdT-3′. Dye 
(FITC or Cy5) was attached to the 5′ end of the 
sense strand. siScramble: 5ʹ-UUCUCC GAACGUGUC 
ACGUdTdT-3ʹ (sense strand), 5ʹ-ACGUGACACGUU 
CGGAGAAdTdT-3ʹ (antisense strand). Alexa Fluor™ 
647 NHS Ester, fetal bovine serum (FBS), Opti-MEM 
Reduced-Serum Medium and Dulbecco’s Modified 
Eagle’s Medium (DMEM) were purchased from 
Thermo Scientific Fisher Inc. (Waltham, 
Massachusetts, USA). Hela-luc cell line was purchased 
from Caliper LifeScience (Hopkinton, Massachu- 
setts, USA).

2.2. Polymer synthesis

PEG-PLL and PEG-PGBA polymers were prepared as 
previously described [21,23]. The synthetic procedures 
are as follows: The PEG-PLL block copolymer was 
synthesized by ring-opening polymerization (ROP) of 
Lys-(TFA)-NCA. A thiourea solution was prepared by 
adding 1500 mg (19 mmol) in 20 mL DMF. MeO-PEG- 
NH2 (Mn = 12 kDa, 0.045 mmol, 500 mg) and Lys- 
(TFA)-NCA (1.875 mmol, 500 mg) were dissolved with 
the thiourea solution. Then, the NCA solution was 
added to the PEG solution under argon atmosphere. 
The mixture was kept stirring under 35°C for 3 days, 
precipitated in cold ether to get α-methoxy-poly 

(ethylene glycol)-poly(N-ε-trifluoroacetyl-L-lysine) 
(PEG-PLL(TFA)). Deprotection of the TFA group was 
performed by dissolving the prepared PEG-PLL(TFA) 
in 1 M NaOH methanolic solution and stirred at 35°C 
for 12 h. After that reaction solution was dialyzed 
against 0.01 M HCl three times and pure water three 
times. The solution in the dialysis bag was lyophilized to 
obtain PEG-PLL. The solution in the dialysis bag was 
lyophilized to obtain PEG-PLL. The polymer was char-
acterized by 1H-NMR analysis (D2O; 25°C). The degree 
of polymerization (DP) of the resulting PLL segment 
was determined to be 38 units by 1H-NMR by compar-
ing the peaks of -CH2-CH2-O- (δ = 3.54 ppm) in PEG 
backbone and the peaks of -CH2-CH2-CH2-CH2-NH2 

(δ = 1.10–1.80 ppm) in PLL side chain (Supplementary 
Figure s1).

PEG-PGBA block copolymer was synthesized by 
ROP and followed by brown hydroboration- 
amination. Briefly, MeO-PEG-OH (Mn = 12 kDa, 
0.0083 mmol, 100 mg) was dissolved in benzene and 
frozen dried under vacuum. The polymer was then 
dissolved in 9 mL toluene. Then, 1, 2-epoxy-5-hexene 
(0.415 mmol, 46.7 μL) was added to the solution and 
followed by addition of iBu3Al (11 μmol, 11 μL) under 
argon atmosphere. The mixture was stirred at room 
temperature for 24 h. The reaction was stopped by 
adding excess amount of ethanol (2 mL). After that, 
the polymer was precipitated in cold ether to obtain α- 
methoxy-poly(ethylene glycol)-poly(glycidyl butene) 
(PEG-PGB) block copolymer. Brown hydroboration- 
amination was performed by dissolving PEG-PGB 
(4.8 μmol, 76.2 mg) in 6.8 mL THF. Then, the borane 
tetrahydrofuran complex (BH3-THF) (2.8 mmol, 
3.2 mL) was added. The mixture was stirred for 3 h. 
After this, HOSA (2.8 mmol, 320 mg) was added to the 
solution. Finally, the mixture was stirred for another 
3 h, and precipitated in cold ether to obtain PEG- 
PGBA. The DP of PGBA segments in PEG-PGBA 
was determined to be 40 units from the 1H-NMR 
(D2O; 25°C) spectrum based on the peak intensity 
ratio of -O-CH3 (δ = 3.39 ppm) protons in PEG side 
chains to -CH2-CH2-CH2-CH2-NH2 (δ = 1.25–1.53 
ppm) protons in PGBA side chain (Supplementary 
Figure 2). The amine in the obtained polymer was 
estimated from 1H-NMR spectrum based on the peak 
intensity ratio of -O-CH3 (δ = 3.39 ppm) protons in 
PEG side to -CH2-NH2 (δ = 2.69 ppm) in PGBA side 
chain (Supplementary Figure 2).

2.3. PIC preparation

Block copolymers and siRNA (GL3-siRNA) were 
separately dissolved in 10 mM HEPES buffer (pH 
7.4). siRNA-loaded PICs were prepared by mixing 
block catiomers (1 mg/mL) and siRNA at molar ratios 
of primary amines in polymer to phosphates in the 
siRNA (N/P ratio) of 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 (final 
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siRNA concentration around 0.015 mM). The solu-
tions were vortexed briefly and incubated at 4°C for 
1 h before use. The particle size distribution, the poly-
dispersity index (PDI) and the derived count rate were 
determined by dynamic light scattering (DLS) mea-
surement at 25°C by Zetasizer Nano ZS (Malvern 
Instruments Ltd, UK).

2.4. Determination of composition of PICs

PEG-PGBA PICs and PEG-PLL PICs solutions at N/P 
0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 were placed in a Vivaspin 
500 protein concentrator spin columns (molecular 
weight cut-off (MWCO): 50,000 Da for PEG-PGBA 
PICs and MWCO: 30,000 Da for PEG-PLL PICs 
respectively; GE Healthcare, UK) and centrifuged at 
5,000 rpm for 1 h to separate free polymer from siRNA 
associated PICs. The polymer in the ultrafiltrate was 
then quantified by fluorometric assay of primary 
amines with fluorescamine.

2.5. Cryogenic transmission electron microscopy 
(Cryo-TEM) measurement

The shape of PEG-PGBA PICs were observed by Cryo- 
TEM. Before measurement, PEG-PGBA PICs were 
cross-linked with glutaraldehyde (GA) at a residual 
molar ratio of GA to primary amines in PEG-PGBA 
([GA]/[NH2]) = 2 at room temperature for 30 min. The 
excess GA were quenched by dialysis with 10 mM 
HEPES and 1 mM glycine solution for 24 h. Then, an 
aliquot of 3.0 μL diluted sample solution was added to 
negatively glow discharged carbon films grids (Cu 200 
mesh), blotted to remove the excess sample solution, 
and plunge-frozen by an Automatic Plunge Freezer EM 
GP2 (Leica Microsystems, Wetzlar, Germany) with 
liquid ethane. The vitrified specimen was transferred 
to a multipurpose transmission electron microscope 
JEM 2100 (JEOL, Tokyo, Japan) using a cryo-holder 
(Model 630, Gatan, Munich, Germany). The tempera-
ture of the specimen was controlled below – 180°C 
throughout the analysis. TEM observation was per-
formed at 200 kV of acceleration voltage and 10 pA/ 
cm2 beam current.

2.6. Fluorescence correlation spectroscopy (FCS) 
measurement

FCS records the fluctuation of fluorescence intensity 
emitted from single particle during the scanning in 
detection volume. Then, temporally auto-correlation 
analysis can quantify the fluctuation to get the strength 
and duration, corresponding to the quantity of the 
fluorescence particles and their average diffusion 
time through the detection volume. The FCS measure-
ment was conducted on an LSM 780 confocal laser 
scanning microscope (C-Apochromat, Carl Zeiss, 

Oberkochen, Germany) equipped with FCS function 
at 25°C. As the detection volume (ω) is constant dur-
ing the same equipment setting, the diffusion time 
(τD) of each sample is inversely proportional with 
the diffusion coefficient (D) of the particle according 
to Equation (1) [24–26]. 

τD ¼
ω2

4D
(1) 

Here, we used Cy5-labeled siRNA and Alexa Fluor 
647-labeled polymers and performed FCS via HeNe 
laser (633 nm) scanning. The Cy5-siRNA PICs with 
PEG-PLL and PEG-PGBA were prepared and then 
diluted down to 20 nM siRNA with HEPES buffer. 
Diluted solutions (200 μL) were put into an 8-well 
Lab-Tek chamber slides (Nalgene Nunc 
International, Rochester, New York, USA), followed 
by measurement at room temperature. Compared to 
free siRNA, the siRNA-loaded PICs have larger hydro-
dynamic size, leading to lower diffusion coefficient 
according to Stokes-Einstein equation, and presenting 
larger diffusion time, as it appears in the measure-
ment. Thus, the increase of the diffusion time of the 
samples refers to the assembly of free molecules into 
larger particles. In this experiment, the autocorrelation 
curve for each sample was obtained from 10 measure-
ments at a sampling time of 10 s with the measure-
ments being repeated 10 times. Moreover, for more 
accurate quantification, Alexa Fluor 647 dye was used 
as a standard sample for reference. As the diffusion 
coefficient of Alexa Fluor 647 is a known value [27], 
the diffusion coefficient of other samples could be 
calculated by comparing their diffusion time result 
with that of Alexa Fluor 647. Then, the hydrodynamic 
size of the particle can be obtained from the Stokes- 
Einstein equation, where kB is the Boltzmann con-
stant, T is the temperature, and η is the viscosity (2). 

DH ¼
kBT

3πηD
(2) 

In addition, to evaluate the amount of polymers per 
uPIC, the polymers were labeled with Alexa Fluor 647 
dye, the siRNA uPICs with Alexa Fluor 647-labeled 
PEG-PLL and Alexa Fluor 647-labeled PEG-PGBA 
were prepared at N/P = 1 and then diluted down to 
20 nM siRNA with HEPES buffer. Diluted solutions 
(200 μL) were examined by FCS, the obtained count 
per molecule was analyzed to calculate the association 
number of polymer molecules according to the follow-
ing equation: 

Association number ¼ Count per molecule uPICð Þ=

Count per molecule ðfluorescence
� labeled polymerÞ

(3) 
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2.7. Measurement of counter polyanion exchange

The stability against counter polyanion exchange was 
estimated by incubating PIC solutions with heparin solu-
tion and followed by FCS measurement. Briefly, PIC 
solutions containing 20 pmol Cy5-siRNA were mixed 
with heparin sodium at different S/P ([sulfate in 
heparin]/[phosphate in siRNA]) ratios, and subsequently 
incubated for 30 min at room temperature. Next, FCS 
was conducted to obtain the diffusion coefficient of PIC 
solutions.

2.8. Molecular dynamic simulations of polymer/ 
siRNA interaction

siRNA was modeled using a 19-base double strand. 
The RNA sequence matches the GL3 siRNA. One 
sequence is 5´-UCG AAG UAC UCA GCG UAA 
G-3´ and the other is 3´-AGC UUC AUG AGU 
CGC AUU C-5´. The starting coordinates were 
built to be a canonical A-form using AMBER NAB 
tool. Five polymers were analyzed, as follows: PEG 
with 10 repeating units; PLL with 10 repeating units; 
PGBA with 10 repeating units; PEG with 10 repeat-
ing units; PEG-PLL with 10 repeating units of ethy-
lene glycol and 10 repeating units of L-lysine groups; 
PEG-PGBA with 10 repeating units of ethylene gly-
col group and 10 repeating units of glycidyl butyla-
mine groups. The block length of 10 units was 
selected as a representative value to reduce compu-
tational burden. The primary amines were set with 
+1 charge, making the polymer charge +10 at phy-
siological conditions. These polymers were then set 
to complex with siRNA in 1:1 molar ratio, which was 
considered to be a reliable model for exploring the 
details of binding based on previous reports 
[28]. The main characteristics of the simulated sys-
tems were summarized in Table 1.

All simulations and data analyses were performed 
using AMBER 18 suite of programs. The OL3 
(chiOL3) force field was chosen to describe siRNA, 
and General Amber Force Field (GAFF) and TIP3P 
were used for polymers and water, respectively. 
Polymer was built by connecting monomer head by 
head, and the complex was then run via tleap (term-
inal LEap) to prepare input files for the AMBER mole-
cular mechanics programs. Each polymer chain was 
placed at 10 Å from RNA at the beginning of the 
simulations. Polymers were initially built in the fully 

extended conformation, solvated in TIP3P water box 
under periodic boundary condition, and neutralized 
by adding Cl – and Na+ ions (salt concentration of 
0.15 M). First, energy minimization was carried out on 
water molecules by 10,000 steps (including 5,000 steps 
of steepest descent and 5,000 steps of conjugate gra-
dient) with the RNA and polymer being restricted. 
Next, the system was left free to move, and the whole 
system was minimized by 10,000 steps (including 
5,000 steps of steepest descent and 5000 steps of con-
jugate gradient). The system was then heated from 0 
k to 300 k for 50 ps, then followed by a density equili-
bration run (50 ps) under NPT condition (constant 
particle number (N), regulated pressure (P) and con-
stant temperature(T)). The production dynamic lasted 
for 100 ns for each system under NPT condition. 
Finally, CPPTRAJ model of AMBER 18 was used to 
analyze the dynamic trajectories (including RMSD, 
RMSF and Radius of gyration), and molecular visua-
lization was done using the Visual Molecular 
Dynamics (VMD) package.

Energy analysis of each system was carried out 
using the Molecular Mechanics Poisson-Boltzmann 
Surface Area (MM-PBSA) method [29], which was 
described through the following equation: 

ΔGbind¼ ΔHbind� TΔSbind (4) 

ΔHbind¼ ΔEMMþΔGPBþΔGSA (5) 

ΔEMM¼ ΔEbond� ΔEangleþΔEtorsionþΔEvdw+ΔEele ð6Þ

The enthalpic change in the gas phase upon RNA 
polymer binding (ΔEMM) was calculated by summing 
the bonded term (bond energy ΔEbond, angle energy 
ΔEangle and torsion energy ΔEtorsion). ΔGPB/SB and 
ΔGSA depict the polar solvation energy and the non-
polar solvation energy, respectively. This part of the 
calculation was conducted by using the per-residue 
scheme implemented in MMPBSA.py script. More 
details could be found in AMBER 18 reference 
manual.

2.9. Cytotoxicity assay

Hela-luc cells were cultured on 96-well plates (3,000 
cells per well), followed by 24 h incubation in DMEM 
containing 10% FBS. Next, the cells were washed 
twice with phosphate buffered saline (PBS), and poly-
mers solutions were applied to each well at 0.5 mg/ 
mL, 0.2 mg/mL, 0.1 mg/mL and 0.05 mg/mL. The 
cytotoxicity of the polymers was evaluated after 24 h 
by Cell Counting Kit-8 (CCK-8, Dojindo Molecular 
Technologies Inc., Tokyo, Japan) assay following 
manufacture’s instruction. UV absorbance was mea-
sured at 450 nm by multimode microplate reader 
(Tecan Group Ltd., Switzerland) to determine the 
cell viability.

Table 1. Main parameters of the molecular simulation systems.

System
Number of water 

molecules
Number of 

NA+/Cl–
Box volume 

(Å3)

PLL/siRNA 9845 65/75 412,000
PGBA/siRNA 10145 65/75 413,150
PEG/siRNA 12014 65/65 418,479
PEG-PLL/siRNA 17559 130/140 605,800
PEG-PGBA/siRNA 17302 130/140 595,017
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2.10. Cellular uptake

Hela-luc cells (30,000 cells) were cultured on 8-well 
chambered borosilicate cover glass (Lab Tek) and 
incubated in Opti-MEM medium for 24 h. Next, 
naked siRNA, FITC-labeled siRNA-loaded PICs 
based on PEG-PLL and PEG-PGBA were applied to 
each well (100 nM siRNA per well). Uptake of PICs 
was evaluated after incubation for 24 h. Cell nucleus 
was stained with Hoechst for 5 min. The cells were 
then washed with fresh media and imaged by LSM 780 
confocal laser scanning microscope.

2.11. In vitro gene silencing

Hela-luc cells were plated onto 96-well plates (10,000 
cells per well), followed by 24 h incubation in DMEM 
containing 10% FBS. Next, naked GL3 siRNA, and 
siRNA-loaded PICs based on PEG-PLL and PEG- 
PGBA were applied to each well at 20, 100 and 
200 nM siRNA per well. Also, a scrambled sequence 
(siScramble) was used to verify the sequence specifi-
city of GL3 siRNA in each group. After 24 h, the cells 
were washed with 0.1 mL of PBS twice and lysed with 
0.02 mL of cell culture lysis buffer (Promega, Madison, 
Wisconsin, USA). The luciferase activity of the lysates 
was determined from the photo luminescence inten-
sity using the Luciferase Assay System (Promega, 
Madison, Wisconsin, USA).

2.12. Statistical analysis

The results are presented as mean ± standard devia-
tion (s.d.). Groups were compared by performing 
Welch’s t-tests in Graph Pad Prism 8. P values smaller 
than 0.05 were considered statistically significant.

3. Results and discussion

3.1 Assembly of siRNA-loaded PICs

The complexation of the block copolymers with 
siRNA was studied at 25°C in 10 mM HEPES buffer 
(pH 7.4). PEG-PGBA block copolymers were mixed 
with siRNA (20 μM siRNA; HEPES, PH 7.4) at varying 
N/P ratios. The PIC formation was followed by DLS 
measurement at different N/P ratios with PEG-PGBA. 
At N/P ratios equal to – and higher than – 1.0, the 
Z-average diameter (Figure 2(a)) and the PDI 
(Figure 2(b)) of the PEG-PGBA/siRNA mixtures 
were found to be less than 200 nm and lower than 
0.2, respectively, indicating the formation of multi-
molecular PICs. In addition, the PDI of the PEG- 
PGBA/siRNA mixtures decreased as the N/P increased 
(Figure 2(b)). The PEG-PGBA/siRNA PICs at N/ 
P = 1.0 exhibited a diameter of 104 nm and polydis-
persity index (PDI) of 0.13 by DLS (Figure 2(a,b)), 
though the normalized derived count rate for this 

sample was still quite low, suggesting a small amount 
of multimolecular PICs being formed in the solution. 
With further increasing N/P from 1.0 to 1.5, the size of 
the PEG-PGBA/siRNA PICs increased from 104 to 
166 nm and reached a plateau, while maintaining the 
initial PDI. The normalized derived count rate, which 
is related to the particle size and the concentration of 
particles, also increased, supporting the formation of 
larger particles. At N/P equal to – and higher than – 
1.5, the normalized derived count rate of PEG-PGBA 
PICs was kept at comparable level (Figure 2(c)), which 
indicates the formation of large particles at compar-
able concentration. It is worth noting the formation of 
200 nm PEG-PGBA PICs with PDI of around 0.2 at N/ 
P equal to – and higher than – 0.5 was also found in 
10 mM HEPES with 150 mM NaCl (Supplementary 
Figure 3).

Because the size of PEG-PLL PICs is too small for 
precise assessment by DLS with Zetasizer even at the 
polymer concentration of 10 mg/mL, we then studied 
the complexation behavior of siRNA with PEG-PLL 
and PEG-PGBA by FCS. In the FCS measurement, 
fluorescence is used for recording the diffusion time 
of molecules. Thus, Cy5-labeled siRNA was used at 
a diluted concentration of 20 nM to avoid saturation 
of the fluorescence signal. Accordingly, the changes in 
D of Cy5-siRNA were measured by FCS after mixing 
with the catiomers at increasing N/P ratio, while keep-
ing the total concentration of anionic and cationic 
residues constant to avoid changes in the ionic 
strength [30]. In the complexation of PEG-PLL and 
Cy5-siRNA, D decreased from 142 ± 5 μm2/s of free 
Cy5-siRNA to 113 ± 4 μm2/s of uPICs with the 
increasing of N/P above 1 (Figure 2(d)). Adding 
more PEG-PLL to siRNA did not induce significant 
changes in D, which supports the steady formation of 
uPICs as observed in previous reports [18]. In addi-
tion, the hydrodynamic diameter of PEG-PLL uPICs 
was calculated based on diffusion coefficient obtained 
from the FCS measurements (Supplementary 
Figure 5). The results showed that the uPICs of PEG- 
PLL/siRNA at N/P equal to – and higher than – 1 are 
approximately 7 nm, which is consistent with the 
previously reported diameter of 8.7 nm [18]. In the 
case of PEG-PGBA, the diffusion coefficient decreased 
to the level of uPIC with increasing of N/P to 1. It is 
worth noting that the different siRNA concentrations 
in the DLS and FCS measurements affected the for-
mation of PEG-PGBA/siRNA PICs at N/P = 1.0. Thus, 
the PEG-PGBA/siRNA PICs exhibited a diameter of 
104 nm and polydispersity index (PDI) of 0.13 by DLS 
(Figure 2(a,b)), though the normalized derived count 
rate for this sample was still quite low, suggesting 
a small amount of multimolecular PICs being formed 
in the solution. These multimolecular PICs of PEG- 
PGBA/siRNA at N/P = 1.0 observed in DLS at 10 μM 
are not stable upon dilution to 20 nM, becoming 
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uPICs as indicated by the FCS results. Both PEG- 
PGBA/siRNA and PEG-PLL/siRNA PICs were also 
found to have comparable levels of diffusion coeffi-
cient at N/P = 1 by FCS, indicating the formation of 
uPICs for both polymers.

To evaluate the number of polymer molecules per 
uPICs, the polymers were labeled with Alexa Fluor 647 
dye, and the association number of fluorescence- 
labeled polymer per uPIC at N/P = 1 was examined 
by FCS. Accordingly, the results showed that both 
PEG-PGBA/siRNA and PEG-PLL/siRNA have around 
1 polymer per uPIC (Supplementary Table s1). Thus, 
we can assume PEG-PGBA/siRNA and PEG-PLL 
/siRNA have a similar PEG density. At N/P = 1.5 or 
higher, the large multimolecular PICs of PEG-PGBA 
/siRNA are detectable in both DLS and FCS. The 
rising of the N/P to 1.5 for PEG-PGBA dramatically 
decreased D to 9 ± 5 μm2/s, suggesting secondary 
association of uPICs into multimolecular PICs 
(Figure 2(d)). These observations correlate with the 
DLS results at 20 nM siRNA, where the formation of 
200 nm particles with PDI of around 0.2 and occurred 
at N/P equal to – and higher than – 1.5 
(Supplementary Figure 4), suggesting the ability of 
PEG-PGBA to promote secondary associations. The 
amount of PEG-PGBA and PEG-PLL in the PICs was 
quantified by removing free polymers by ultrafiltration 
and evaluating the amount of free polymers in the 
ultrafiltrate by fluorescamine method. The results 
showed that most PEG-PGBA and PEG-PLL were 
effectively associated into PICs during PIC formation 
(Figure 2(e)). For PEG-PLL, increasing the amount of 

polymer did not augment the number of polymer 
molecules associated to siRNA, keeping close to the 
stoichiometric ratio N/P = 1 (Supplementary 
Figure 6), which correlates with the formation of 
uPICs at all the studied N/P ratios (Figure 2(d)). For 
PEG-PGBA, the amount of polymers in the PICs 
increased with the N/P ratio (Supplementary 
Figure 6), supporting the formation of nonstoichio-
metric structures with more polymer than siRNA. 
These observations of PEG-PGBA are consistent 
with the formation of multimolecular PICs in the N/ 
P range higher than unity, and in contrast with the 
result obtained for PEG-PLL, which keeps the stoi-
chiometric uPIC structure even at N/P ≥ 1.

Then, direct observation of the shape and size of 
PICs from PEG-PGBA at N/P = 2 was conducted by 
cryo-TEM (Figure 2(f,g)). Cryo-TEM images showed 
spherical shapes of multimolecular PICs with 
a macromolecule-rich phase inside the particles of 
around 127 ± 25 nm diameter (as determined from 
50 PEG-PGBA PICs). The assembling process of PEG- 
PGBA multimolecular PICs could be explained from 
the thermodynamic standpoint. Multimolecular PICs 
formation is facilitated by the reduction of interfacial 
free energy from the phase separation between aqu-
eous phase and PIC moiety [31,32]. Moreover, the 
increment of conformational freedom (entropy gain) 
of charged segments in the segregated phase of PICs 
contributes to the formation of multimolecular PICs 
[31,32]. On the other hand, the steric repulsion 
between the neighboring PEG strands in the shell 
layer of multimolecular PICs can be an impeding 

Figure 2. Characterization of PIC structures from PEG-PGBA and PEG-PLL. (a) Z-average diameter, (b) polydispersity index (PDI), 
and (c) normalized derived count rate of PEG-PGBA PICs, the final siRNA concentration was above 10 μM. The results are expressed 
as the mean ± s.d. (n = 3) for (a) to (c). (d) Diffusion coefficient of PICs from PEG-PGBA (purple square) and PEG-PLL (orange circle), 
the final siRNA concentration was 20 nM. (e) The amount of polymer in siRNA PICs/ feed amount. siRNA PICs were prepared from 
PEG-PGBA (purple square) and PEG-PLL (orange circle), the final siRNA concentration was above 10 μM. The results are expressed 
as the mean ± s.d. (n = 3). (f) Representative cryo-TEM micrograph of PEG-PGBA PICs. (g) Zoomed cryo-TEM image of PEG-PGBA 
PICs. Scale bars indicate 100 nm.
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factor [31–33]. Thus, in the PEG-PLL/siRNA system, 
because of relatively rigid structure, the increment of 
conformational freedom in a multimolecular PIC 
phase may not be enough to compensate with the 
steric repulsive effect of PEG strands, remaining as 
uPIC after complexation [18]. Notably, when PEG- 
PLL was complexed with a flexible single-stranded 
RNA (ssRNA), core-shell polymeric micelles were 
obtained [18]. The higher flexibility of ssRNA ensured 
a higher entropy at the initial state, while the com-
plexation of single stranded RNA with PEG-PLL 
results in restrained conformational freedom in uPIC 
of PEG-PLL and ssRNA [18]. This loss of entropy gain 
could be compensated through multimolecular 
micelle formation, as the ssRNA gets higher confor-
mational freedom in the micelle core [18]. In the PEG- 
PGBA/siRNA system, the chain conformational 
entropy loss resulting from the polycation chain can 
be compensated by association of PEG-PGBA uPICs 
into multimolecular PICs, as the PGBA strands could 
get a higher degree of conformational freedom within 
the segregated phase of PICs compared to the uPIC 
state. As we discussed above, the multimolecular PICs 
formation is based on the balance between interfacial 
energy and conformational entropy of the polymer 
strands, and the steric repulsion of the PEG shell. 
Probably, the driving force in the PEG-PGBA system 
may still not be enough for the formation of 
a spherical core-shell micelle, resulting in relatively 
larger PICs to compensate the steric repulsion from 
the PEG strands.

3.2 Stability of PICs

To further understand the influence of the catiomer 
structure, we studied the stability of the PICs formed 
with PEG-PLL and PEG-PGBA. Thus, the critical 
association concentration (CAC) of the PICs was eval-
uated by preparing PICs loading Cy5-siRNA with 
increasing polymer concentrations (0.005 mg/ 
mL–10 mg/mL) at a constant N/P of 2. Then, the 
changes in the diffusion coefficient of Cy5-siRNA 
were calculated from the diffusion times obtained by 
FCS. For PEG-PLL, the changes in D of Cy5-siRNA 
indicated that the catiomer formed uPICs at the lowest 
studied concentration of 0.001 mg/mL and avoided 
multimolecular association even at high polymer con-
centration (10 mg/mL) (Figure 3). When Cy5-siRNA 
was mixed with PEG-PGBA, the changes in D showed 
that it formed uPICs at 0.001 mg/mL, followed by 
a remarkable drop in D at concentrations higher 
than 0.05 mg/mL (Figure 3), which can be related to 
multimolecular assembly above a CAC, as previously 
observed for micellar and vesicular PICs [18,34]. Thus, 
these results suggest that the flexible PEG-PGBA 

promotes the association of uPICs into multimolecu-
lar assemblies, with a CAC of around 0.05 mg/mL at 
N/P = 2.

The dissociation of the PICs loading Cy5-siRNA 
was also evaluated by measuring the D values after 
diluting the samples (Figure 4). PEG-PLL maintained 
the D value of the primary uPIC assembly with Cy5- 
siRNA in all the tested concentrations down to 
0.001 mg/mL in 10 mM HEPES buffer. When the 
PEG-PGBA PICs were diluted in 10 mM HEPES, the 
diffusion coefficient values also remained constant 
after incubation for 0.5 h, even at 0.001 mg/mL, indi-
cating that PEG-PGBA kept the multimolecular asso-
ciation with Cy5-siRNA (Figure 4). Moreover, 
increasing incubation time up to 3 h did not cause 
large changes in D when the PEG-PGBA/siRNA PICs 
were diluted in 10 mM HEPES. This result suggests 
that the PEG-PGBA multimolecular assemblies may 
involve a hysteresis behavior against dilution. Such 
hysteresis has been previously observed in other PIC 
systems, such as in PICs made from PLL homopoly-
mer and PEG-poly(L-glutamate) [35]. On the other 
hand, the PEG-PGBA multimolecular PICs disas-
sembled into uPICs within 0.5 h when diluted to 
0.1 mg/mL in 10 mM HEPES buffer with 150 mM 
NaCl (Figure 5(a)). This behavior suggests that PEG- 
PGBA multimolecular PICs are likely to exist predo-
minantly in uPIC state in physiological condition.

As counter polyanion exchange from charged poly-
saccharides with PICs is the main mechanism for PIC 
dissociation in biological conditions [36,37], we there-
fore investigated the stability of the PICs in the pre-
sence of heparin. The PICs were incubated with 
heparin at different S/P ([sulfate in heparin]/[phos-
phate in siRNA]) ratios for 0.5 h, and the D of Cy5- 
siRNA was measured by FCS. The results showed that 

Figure 3. Diffusion coefficient of Cy5-labeled siRNA after mix-
ing with different polymer concentrations of PEG-PLL (orange 
circle) and PEG-PGBA (purple square). The N/P ratio of each 
group was kept at 2. All results are expressed as the mean ± s. 
d. (n = 10) .
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PEG-PGBA multimolecular PICs rapidly dissociated 
into uPICs when incubated with heparin. However, 
the uPICs from PEG-PGBA were able to retain siRNA 
at higher heparin concentrations than uPICs from 

PEG-PLL. The siRNAs are released from uPIC at S/ 
P = 1 for PEG-PLL uPICs, suggesting a fast and quan-
titative exchange. On the other hand, excess heparin is 
required (S/P = 2.8) to kick out all the siRNAs from 
PEG-PGBA uPIC (Figure 5(b)).

3.3 Molecular dynamic simulations of polymer/ 
siRNA interaction

MD simulation is a valuable tool for gaining under-
standing of the interaction of polymers and nucleic 
acids. For example, MD simulation has been suc-
cessfully applied for addressing the mechanisms 
promoting the stability of PIC-based systems load-
ing pDNA [38]. Thus, here we conducted MD 
simulations for improving our understanding on 
the effect of PEG-polycation flexibility on poly-
mer/siRNA complex formation by paying particular 
attention to the interactions of the polycation 
blocks with siRNA. This MD simulation could be 
useful for assessing the stability of uPICs, but not 
for multimolecular assemblies, where entropical 

Figure 4. Diffusion coefficient of PEG-PLL uPICs (orange circle) 
and PEG-PGBA PICs (purple square) loading Cy5-labeled siRNA 
(N/P = 2) after serial dilution in 10 mM HEPES. All results are 
expressed as the mean ± s.d. (n = 10) .

Figure 5. (a) Diffusion coefficient of PEG-PLL uPICs and PEG-PGBA PICs loading Cy5-labeled siRNA (N/P = 2) serially diluted with 
10 mM HEPES or 150 mM NaCl and incubated for 0.5 and 3 h. (b) Diffusion coefficient of PEG-PLL uPICs (orange circle) and PEG- 
PGBA PICs (purple square) loading Cy5-labeled siRNA (N/P = 2) after incubation with heparin sulfate at different [sulfate in 
heparin]/[phosphate in siRNA] (S/P) ratios. The lower dashed line and the upper dashed line indicate the diffusion coefficient of 
uPIC and naked siRNA, respectively. All results are expressed as the mean ± s.d. (n = 10) .
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factors play important roles. Thus, we first moni-
tored and compared the interactions of homo- 
polycation PGBA and PLL with siRNA in a 1:1 
molar ratio to explore the details of binding. In 
this study, we used OL3 (ff99bsc0χOL3) force field 
for RNA in AMBER, which can remove destabiliza-
tion and prevent formation of spurious ladder-like 
structural distortions during RNA simulations 
[39,40]. To build a suitable binding model, we 
first evaluated the influence of polycation siRNA 
distance. PGBA was placed at 10 Å and 20 Å 
from the siRNA center of mass at the beginning 
of the simulations. The calculation of the root 
mean square deviation (RMSD) was carried out to 
analyze the changes in structure and dynamics of 
the polycation siRNA complex. From the RMSD 
changing shown in Supplementary Figure 7a, both 
PGBA/siRNA and PLL/siRNA systems were found 
to equilibrate after 25 ns. The equilibrations were 
also obtained until the end of the simulations. To 
better understand these models, we monitored the 
radius of gyration (Rg) over the entire trajectories. 
Rg is the root mean square distance of each atom 
from the center of mass of the structure considered, 
as defined by: 

Rg
2¼

1
M

XN

i¼1
mi ri� rmeanð Þ

2 (4) 

Rg has been used as an indicator of the structure 
compactness [41]. The results showed that increasing 
the distance of polycation and siRNA from 10 to 20 Å 
has little effect on the complex conformation 
(Supplementary Figure 8a and Supplementary 
Table 2). Therefore, to save computational cost, the 
simulation with the polycation and siRNA with dis-
tance of 10 Å was used in the following studies.

To assess the effect of polycationic flexibility on the 
interaction with siRNA, we first compared the inter-
actions of the homo-polycations PLL and PGBA with 
siRNA at 1:1 ratio. The front view snapshots taken 
from the dynamic simulation of PLL/siRNA and 
PGBA/siRNA are shown in Figure 6(a,b), respectively. 
Rg of PLL/siRNA was found to be almost constant for 
all the solution phase simulation, while PGBA/siRNA 
showed a lower Rg compared with PLL/siRNA during 
the simulation trajectories (Figure 6(c)), suggesting 
a tighter complexation. To allow direct comparison 
between the systems, the binding energies were nor-
malized per amine and expressed in kcal mol−1 

(Figure 6(h,i,j)). The electrostatic energies (ΔEele), 
which originated from the interaction of positive 
charges on the primary amines of the polycation and 
the negative charges on the phosphate groups of RNA, 
are markedly favored in both PLL/siRNA and PGBA/ 
siRNA systems. A favorable contribution also appears 
from van der Waals energy (ΔEvdm), which primarily 
came from contacts between the polycation and 

siRNA. Moreover, there seems to be a slightly favor-
able role from nonpolar contribution to solvation 
energy (ΔESUFR). On the other hand, the polar term 
of the solvation energy (ΔEGB) was unfavorable. The 
enthalpy of binding (ΔHbind) was also computed as the 
sum of changes of the ΔEele, ΔEvdm, ΔESUFR and ΔEGB. 
For lower ΔHbind value, there was more enthalpy gain 
during the polymer-siRNA binding process. Further 
details on the calculations are given in supporting 
information (Supplementary Table 3). When compar-
ing the energy contribution during complexation of 
PLL/siRNA and PGBA/siRNA, it was observed that 
PGBA/siRNA resulted in higher van der Waals con-
tribution and more enthalpy gain. Together with the 
Rg changing, these findings suggest polycation flexibil-
ity plays a role in siRNA binding.

To explore the effect of polycation flexibility on the 
binding of block catiomers with siRNA, we further 
built simulations for PEG-PLL/siRNA and PEG- 
PGBA/siRNA systems (Figure 6(d,e)). Moreover, 
PEG homopolymer without charge was analyzed and 
used as a negative control. To test the model, we 
placed PEG-PLL at opposite direction in the simula-
tion box to assess the effect of PEG-polycationic posi-
tion in the interaction. As shown in Supplementary 
Figure 8b and Supplementary Table 2, the binding 
trend of PEG-PLL/siRNA and the inverted PEG-PLL 
/siRNA was comparable, which supports the validity 
of the simulation system. The results of the model for 
PEG showed the negligible ΔEele in PEG/siRNA as 
compared with PEG-PLL/siRNA and PEG-PGBA 
/siRNA, substantiating the role of electrostatic inter-
action in bringing the block catiomers and siRNA 
together (Supplementary Table 3). Moreover, PEG- 
PGBA showed a comparable Rg to that of PGBA, 
while PEG-PLL underwent a significant reorganiza-
tion, resulting in a higher Rg than that of PLL 
(Figure 6(c,f), and Supplementary Figures 8c and 
8d). These results suggested a structural restraint 
from PEG on the siRNA binding in the PEG-PLL 
/siRNA system. Thus, PEG-PGBA/siRNA presented 
a lower Rg compared with PEG-PLL/siRNA (Figure 6 
(f)). To further understand the interaction of the block 
catiomers with siRNA, we analyzed the average dis-
tance between the amines in the polymers and the 
contacting phosphates of siRNA. The results indicated 
the amines of PEG-PGBA were closer to the phos-
phates of siRNA than the amines of PEG-PLL 
(Figure 6(g)). In addition, the binding energies 
showed that PEG-PGBA/siRNA presented higher 
ΔEvdm, ΔEele and enthalpy gain compared to PEG- 
PLL/siRNA (Figure 6(h,i,j)), which suggest a lower 
accessible surface area (ASA) for PEG-PGBA/siRNA 
complexes than for PEG-PLL/siRNA complexes. 
Importantly, lower ASA has been found to correlate 
with higher stability of PIC-based nanostructures [42], 
with triblock copolymer-based PICs having lower 
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ASA allowing more efficient protection of pDNA. In 
this study, the more favorable binding with siRNA for 
PEG-PGBA than for PEG-PLL in the MD simulations 
is compatible with our recent findings on the binding 
of PEG-PGBA and PEG-PLL with mRNA, where 
PEG-PGBA allowed more than 50-fold stronger bind-
ing to mRNA than PEG-PLL, as determined by iso-
thermal calorimetry analysis [21].

3.4 In vitro activity

According to the stability tests, PEG-PGBA multimo-
lecular PICs are disrupted into uPICs by physiological 
salt concentration and heparin. Thus, the in vitro 
activity evaluation of PEG-PLL- and PEG-PGBA- 
based systems was compared between PEG-PGBA 
uPICs and PEG-PLL uPICs. First, we confirmed the 
safety of the catiomers by studying the in vitro cyto-
toxicity. After incubating Hela-luc cells with the poly-
mers for 24 h, we found both PEG-PLL and PEG- 
PGBA are noncytotoxic at concentrations lower than 
0.05 mg mL−1 (Supplementary Figure 9). Thus, con-
centrations lower than 0.05 mg mL−1 were used in the 

subsequent cellular studies. The cellular uptake was 
studied in Hela-luc cells by using FITC-labeled siRNA 
and CLSM. Cells were treated with 100 nM siRNA, the 
final polymer concentration was calculated to be 
0.0021 mg/mL and 0.0015 mg/mL for PEG-PLL and 
PEG-PGBA, respectively. After 24 h incubation, we 
found that the fluorescence intensity of the FITC sig-
nal in the cells treated with PEG-PGBA uPICs was 
fivefold higher than that of PEG-PLL uPICs (Figure 7 
(b)). Generally, PEG shielding reduces the internaliza-
tion of PEGylated nanomedicines into cells, so called 
‘PEG dilemma’ [43]. However, in the case of nega-
tively charged free siRNA, the cellular uptake is even 
lower due to the electrostatic repulsion with the nega-
tively charged cellular surface. Thus, the charge neu-
tralization of siRNA by PIC formation can improve 
the intracellular access, the siRNA loaded in the PICs 
can be delivered into the cytoplasm after a relatively 
long incubation [10], as also indicated in our study. 
Importantly, cells present negatively charged polysac-
charide chains on their surface that act as a barrier for 
the internalization of carriers based on PIC assembly 
by promoting the dissociation of the PIC complexes 

Figure 6. Molecular dynamics (MD) simulation of siRNA binding with polycations and block catiomers. (a), (b) Front view snapshots 
taken from the dynamic simulation of PLL-siRNA and PGBA-siRNA. (c) Time evolution of Radius of gyration (Rg) of PLL-siRNA and 
PGBA-siRNA. (d), (e) Front view snapshots taken from the dynamic simulation of PEG-PLL-siRNA and PEG-PGBA-siRNA. (f) Time 
evolution of Rg of PEG-PLL-siRNA and PEG-PGBA-siRNA. (g) Amine/phosphate distance in PEG-PLL-siRNA and PEG-PGBA-siRNA, 
each amine is identified by residue numbers (No.). (h) Van der Waals energy, (i) electrostatic energy and (j) enthalpy gain during 
polymers/siRNA interaction (normalized per charged amine, expressed in kcal mol–1) .
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before cellular uptake [44]. In our study, the stability 
of the PICs against heparin indicates that PEG-PGBA 
allowed higher stability against the counter polyanion 
exchange than PEG-PLL (Figure 5(b)). Moreover, the 
simulation results showed that PEG-PGBA presents 
a tighter association with siRNA compared with the 
rigid PEG-PLL. Thus, it is reasonable to assume that 
PEG-PGBA PICs with tight complexation with siRNA 
could perform better against dissociation induced by 
polyanions on the cell surface than PEG-PLL PICs, 
resulting in a higher cellular uptake.

Finally, the ability of uPICs to knockdown lucifer-
ase was also determined in Hela-luc cells. After treat-
ing the cells with 20 nM–200 nM siRNA, the final 
polymer concentration was calculated to be 
0.00030 mg/mL to 0.0060 mg/mL for PEG-PGBA. 
According to the stability results in 150 mM NaCl 
(Figure 5(a)), PEG-PGBA multimolecular PICs are in 
uPIC state at these concentrations. As shown in 
Figure 7(c), the cells treated with PEG-PGBA uPICs 
showed a dose dependent gene knockdown, with 
a modest (∼54%) and high gene decrease (~85%) at 

100 and 200 nM GL3 siRNA, respectively. On the 
other hand, naked siRNA and PEG-PLL uPICs 
showed negligible luciferase knockdown. These results 
revealed that PEG-PGBA uPICs improved the gene 
silencing in vitro, presumably due to the higher intra-
cellular delivery. It is also important to note that PEG- 
PLL and PEG-PGBA have the same PEG segment and 
similar polycation length. Moreover, we have pre-
viously reported that the degree of hydration of PEG- 
PLL and PEG-PGBA is comparable [21]. Thus, pre-
sumably, the difference in these two systems may 
chiefly be due to the different backbone structure of 
the polycation, i.e. the peptide bonds in PEG-PLL and 
the ether bonds in PEG-PGBA. The results from poly-
anion exchange showed the uPIC from PEG-PGBA is 
more stable than the uPIC from PEG-PLL (Figure 5 
(b)). The molecular simulations also indicate tighter 
siRNA complexation for PEG-PGBA than for PEG- 
PLL. In addition, we have shown that PEG-PGBA can 
increase the affinity to RNA by 50-fold compared to 
PEG-PLL [21]. Thus, it is safe to conclude that the 
tighter binding of PEG-PGBA to siRNA compared to 

Figure 7. In vitro performance of PEG-PLL uPICs and PEG-PGBA uPICs. (a) Cellular uptake efficiency in cultured Hela-luc cells 
incubated for 24 h with naked siRNA, PEG-PLL uPICs and PEG-PGBA uPICs. Scale bars = 20 μm. (b) Quantification of cellular uptake 
measured by the mean fluorescence intensity of the pixels corresponding to FITC. Data represent the mean ± s.d. (n = 20 cells). (c) 
Gene silencing efficiency of naked siRNA (gray column), PEG-PLL uPICs (orange column) and PEG-PGBA uPICs (purple column) 
loaded with scrambled siRNA or siGL3 at 20, 100 and 200 nM siRNA in cultured Hela-luc cells after 24 h. Data represent the means 
± s.d. (n = 4). p < 0.05 (*) and p < 0.01 (**) were calculated by the Welch’s t-test.
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PEG-PLL in uPIC plays a substantial role in the dif-
ference in the intracellular delivery and knockdown 
efficiency observed in this study.

4. Conclusion

Our results demonstrated that PEG-polycation chain 
flexibility is an important factor in siRNA PIC forma-
tion. PEG-PLL with a relatively rigid amide bond 
allowed the exclusive formation of uPICs even at 
high polymer concentrations, while PEG-PGBA with 
the relatively more flexible polyether backbone facili-
tated the multimolecular PICs formation. The multi-
molecular PICs were stable in salt-free solutions, even 
in diluted conditions, but rapidly dissociated into 
uPICs at 150 mM NaCl. Moreover, the uPICs from 
PEG-PGBA were more stable against the counter 
polyanion exchange than the uPICs from PEG-PLL, 
which may be related to the tighter complexation of 
PEG-PGBA with siRNA compared to that of PEG- 
PLL, as suggested from computational modeling stu-
dies. In in vitro cellular studies, PEG-PGBA uPICs 
allowed higher intracellular delivery of siRNA than 
PEG-PLL uPICs for achieving enhanced gene knock-
down. Our findings indicate the implications of catio-
mer flexibility on PIC formation with siRNA. 
Furthermore, this study evolves new engineering para-
meters that can be applied for generating not only 
novel carriers with enhanced delivery efficacy, but 
also new biomaterial applications based on engineered 
polymer-RNA interactions.
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